One unique feature of the prototype JC virus (JCV) (Mad 1) genome is the occurrence of a second TATA sequence within the early promoter region. A naturally occurring oncogenic variant of JCV (Mad 4) lacks this second TATA box. Several cell lines transformed by Mad 1, Mad 4 and simian virus 40 were characterized, in part to investigate whether the second TATA sequence is functional. S1 nuclease mapping of early JCV gene transcription products revealed a major set of start sites common to both Mad 1 and Mad 4 mRNAs. In addition, a second set of early transcripts was found exclusively in Mad 1 transformants, presumably positioned by the second TATA box. The presence of these unique mRNAs in the Mad 1-transformed cells did not appear to have any bearing on the other parameters investigated, including size and quantity of early viral proteins, integration patterns of viral DNA and growth properties of the cells.
. BHK-21 cell RNA was used as a negative control. The small NcoI restriction fragment (nucleotide no. 4980 to no, 275) of Mad 1 DNA that was used in the S1 procedure was subjected to Maxam-Gilbert analysis (Maxam & Gilbert, 1980) , and the sequence ladder obtained was used as a size standard to locate precisely the 5' termini of the early transcripts. Because of differences in the sequencing and SI procedures (end labelling, end cleavage reactions), the bands obtained in the S1 analysis were shifted downstream by four nucleotides with regard to the DNA sequence ladder to identify the actual start sites. Samples were electrophoresed on an 8 M-urea-8% polyacrylamide gel for 6 h at 1600 V. The film was exposed for 3 days without the aid of an intensifier screen. Letters depict specific bands discussed in the text: they also correspond to the letters used in Fig.  2 . The start sites mapped for the SV40 early mRNAs in this experiment corresponded to those discussed earlier (Tooze, 1981 Fig. 1 , the nucleotide positions of the 5' ends of JCV early transcripts were determined on the genomic map. The numbering is taken from Frisque et al. (1984) . Arrows point in the direction of early transcription.
Dashed lines indicate uncertainties as to the exact positions of start sites located near the GoldbergHogness sequences. The presumed centre of the JCV origin of DNA replication is represented by the 25 np dyad symmetry (S), and the borders of the deletion in the origin-defective mutant DNA S-27 (used to derive POJ-2 cells) are shown. Nucleotides no. I l0 to no. 128 in the prototype Mad 1 sequence are deleted in the Mad 4 genome.
standards. In addition to the mRNAs from PHB transformants, we analysed the early transcription products isolated from POJ-2 cells. These cells represent a clonal line of permissive primary human foetal glial (PHFG) cells transformed with an origin-defective mutant of JCV Frisque, unpublished results) . This mutant (designated S-27) was constructed from Mad 1 DNA and therefore contained two TATA boxes. To construct DNA probes for the S1 nuclease analysis, Mad 1, Mad 4 and S-27 DNAs were digested with NcoI to yield two fragments for each DNA. The smaller fragment (about 425 np) was expected to overlap, by approximately 130 nucleotides, the mRNAs initiated from the proximal (downstream) TATA box. This fragment would still be large enough to overlap any possible start sites initiated from the distal (upstream) TATA box of Mad 1 and S-27 DNAs. To serve as a probe for the analysis of the SV40 mRNAs, SV40 DNA was digested with BstNI and a 311 np-long fragment was isolated. This fragment was expected to overlap with the early viral transcripts of SV40 for approximately 130 nucleotides, based on published mRNA start site positions (Tooze, 1981) . These DNAs were radiolabelled at their 5' ends and used for S1 nuclease analysis of the appropriate RNA preparations. The results of this investigation are represented by the gel shown in Fig. 1 , and the positions of the major start sites in the DNA sequence of the Mad I strain of JCV are depicted in Fig. 2 . It should first be noted that the lanes representing the four Mad l-transformed cell lines contain a set of bands that denote the major early mRNA start sites. These sites are located approximately 25 nucleotides downstream from the first (proximal) TATA box, in agreement with predictions made from sequence and preliminary S1 nuclease analysis data (Frisque, 1983; Frisque et al., 1984) . All four cell clones produced early messages that used the same major downstream start sites with apparently the same relative efficiency. In Fig. 1 and 2 the four major downstream start sites are marked with the letters a, b, c and d. Additional bands in this region of the autoradiograph may represent minor start sites, but are more likely generated by the 'nibbling' of S1 nuclease (Weaver & Weissmann, 1979) . A second set of bands (designated e and f plus some fainter bands) can be detected further up the autoradiograph. Although their locations suggest that additional start sites occur adjacent to the first TATA box, it is more likely that these bands represent minor start sites located several nucleotides further upstream. This discrepancy probably arises due to the tendency of S1 nuclease to chew into the thermally unstable AT-rich region. Similar findings have been reported for SV40 (Buchman et al., 1984) . A significant finding in this study was the detection of Short communication a second set of bands associated with the upstream TATA box. The letter g designates a band that suggests the presence of a start site about 25 nucleotides downstream from the second TATA box. Its intensity varied with the cell clone and was most distinct for CM1LHB-I. There was an intense band (h) adjacent to the region of the second TATA box for the CMIHB-2 sample. This was the only cell clone found to have a major start site about 100 np upstream from the 'normal' start sites. Again, the position of this start site is most likely further upstream than indicated by the location of the band on the autoradiograph. The two Mad 4-transformed cell lines used the same downstream and upstream start sites of the first TATA box with the same apparent efficiencies as the Mad 1 transformants. One clone exhibited a faint and wide band further upstream (above band g of the Mad 1 clones). This was not considered significant, however, since this band was also observed in the BHK-21 control sample. S1 nuclease analysis of RNA from POJ-2 cells revealed a set of major start sites exactly the same distance downstream from the first (proximal) TATA box as the start sites a, b, c and d of the Mad 1 and Mad 4 PHB transformants (Fig. 1) . The bands on the autoradiograph represent shorter S1 nuclease protected fragments, however, because of the deletion in the S-27 mutant DNA used in the derivation of the POJ cell line. The borders of this 10 np deletion are indicated in Fig. 2 . This mutation removes nucleotides from the leader sequences of the mRNAs while leaving most of the start sites intact. Only start site a is missing in the S-27 genome, and a nucleotide downstream from the deletion may be utilized as an alternative start position. In addition, a start site near the second TATA box (identical to site g of Mad 1) is observed in the lane representing the POJ-2 sample.
The large and small T proteins present in the transformed PHB and POJ-2 cell lines were identified by immunoprecipitation. In addition, the POJ-1 cell line (PHFG cells transformed with a second origin-defective mutant of JCV) and the COS-I cell line (CV-1 cells transformed with an origin-defective mutant of SV40; Gluzman, 1981) were included in these experiments. Typical results of an immunoprecipitation experiment are represented by the autoradiograph shown in Fig. 3 . For the POJ-I, POJ-2 and COS-1 cell lines a single species of large T antigen was observed. These three cell lines represent permissive cells transformed by replicationdefective viruses. The SV40 large T antigen from COS-I cells migrated as a protein of mol. wt. 88000 (88K); the JCV large T protein of both POJ cell clones migrated as an 83K protein. In addition to these T antigen species the transformed PHB cell lines also contained larger forms of T protein ('super' T). These cell lines represent non-permissive cells transformed with wild-type viruses. It seems likely that the model proposed by Levitt et al. (1985) to explain the generation of some SV40 'super' T proteins may also be applicable to JCV. This model suggests that the tandem duplications of viral sequences found integrated in transformed cell genomes serve as substrates for aberrant splicing events that lead to the production of elongated T transcripts. This mechanism would account for the observation that specific sizes of 'super' T proteins are consistently found in JCV-transformed cell lines isolated independently ( Fig. 3 ; Frisque et al., 1980) . The Mad 1 transformants CM1HB-1, CM1HB-2 and CMILHB-2 produced a major 'super' T antigen (89K). CMIHB-1 and CMIHB-2 also contained minor 'super' T species of even larger size (105K to 116K). CMILHB-2 was found to produce elevated levels of both types (normal and super) of large T protein. It was the only JCV-transformed cell line investigated that expressed these early viral proteins at levels comparable to those observed in SV40-transformed cell lines. In the same experiment, the Mad 1 transformant CM1LHB-1 and the two Mad 4 transformants CM4HB-1 and CM4HB-2 were found to produce T proteins nearly identical in size and intensity to those of CM 1HB-1 and CM 1HB-2 (data not shown). A small t protein was not detected in any of the samples from JCV-transformed cells. The SV40-transformed PHB cell lines, however, exhibited a distinct band representing small t antigen (21K). These cell clones also produced major (94K) and minor (110K, 123K) 'super' T proteins in addition to the normal (88K) large T antigen (Fig. 3) . The cellular p53 protein found in association with T antigen in many papovavirus transformants (Lane & Crawford, 1979; Frisque et al., 1980) was detected at low levels in the transformed PHB cells (Fig. 3) . The same anti-T sera used in these experiments bring down significant amounts of p53 from JCV-and SV40-transformed rat cells (B. Bollag & R. J. Frisque, unpublished results). Proteins were immunoprecipitated using anti-T sera from tumour-bearing hamsters (Coussens et al., 1985) . For each sample, equivalent amounts of total cell protein were loaded on the SDS-7.5~ polyacrylamide gel. Protein molecular weight markers were detected by Coomassie Brilliant Blue staining; 35S.labelled viral proteins were visualized by autoradiography. The film was exposed for 13 h. Bands representing proteins >_-200K were not related to T antigen; similar proteins were immunoprecipitated from extracts of both normal cells using immune serum (first lane) and transformed cells using normal hamster serum (data not shown).
The presence of viral D N A integrated into the cellula r genomes of all JCV-transformed PHB cell lines was verified by Southern blot analysis (Southern, 1975 ; data not shown). The complexity of the integration patterns prevented an identification of individual integration events or a determination of particular sites of integration. This complexity was also apparent in POJ-1 and POJ-2 cells; at least four or five copies of integrated viral D N A were present in each cell line. The number of integrated copies of SV40 D N A in PHB transformants was lower (one to three copies) than in the JCV-transformed cells; therefore, integration patterns were less complex. Results from the Southern analysis permitted several conclusions, (i) All JCV viral D N A s detected in cell lines transformed in vitro were integrated into the cellular genomes; free, unit length episomal viral D N A was not detected. (ii) The multitude of bands observed in the digests of cellular D N A from each JCV transformant suggested that several viral genomes were present at different sites in each cellular genome. Subsequent investigations will aim to determine whether a high viral copy number is necessary for the initiation and/or maintenance of JCV transformation. One could speculate that the low transformation efficiency of JCV in vitro might be the result of such a requirement. (iii) Following cleavage of the cellular D N A s with restriction enzymes that cut the viral D N A once, the CM1HB-1 and C M I L H B -2 samples exhibited strong bands that probably represented the cleavage of head to tail arrangements of nearly intact plasmid or viral sequences. Other samples showed evidence of head to tail insertions; however, in most instances, the integrated viral sequences presumably had been Short communication deleted extensively. (iv) There was no obvious distinction between the integration patterns of cells transformed by prototype Mad 1 and the oncogenic variant Mad 4.
Investigators have characterized a number of transformed cell phenotypes in efforts to establish correlations between in vitro transformation and in vivo tumourigenicity (Tooze, 1981) . In polyomavirus transformants, the ability to exhibit anchorage-independent growth correlates best with the ability to induce tumours in animals. We tested the ability of the hamster brain transformants to grow in soft agarose, as well as their ability to reach high saturation densities in high and low serum concentrations (data not shown). The biological characterization of PHB cells transformed by the different viruses (Mad 1, Mad 4 and SV40) did not reveal major differences in the parameters tested; rather, there was considerable variation observed within each set of transformants. For instance, one Mad 4 transformant formed colonies in soft agarose inefficiently and exhibited relatively low saturation densities, while the other Mad 4 transformant grew well in soft agarose and reached high saturation densities. Most transformants had saturation densities in 1 ~ and 10~ foetal calf serum (FCS) concentrations which were higher than those measured for the untransformed PHB controls (control cells failed to grow in 1 ~ FCS). Two clones (CM1LHB-1 and CM4HB-1), however, resembled the PHB control cells in having low cloning efficiencies in soft agarose and slow growth rates in liquid medium. Consequently, they resembled the minimal transformants described eadier for SV40 and JCV (Risser & Pollack, 1974; Frisque et al., 1980) . The characterization of viral mRNAs, proteins and DNA integration patterns in these cell clones did not offer clues to their weakly transformed behaviour.
This work represents a biochemical and biological characterization of a number of JCVtransformed cell lines. These studies include the first detailed mapping of the 5' termini of the early JCV mRNAs in transformed cells (Fig. 1, 2) . Independent of the presence or absence of the second TATA sequence, and undisturbed by a 10 np deletion affecting the leader sequences of the early mRNAs, a set of major start sites was found between 20 and 30 nucleotides downstream from the first (proximal) TATA box. Apparently, the second TATA box of JCV does not interfere with the function of the downstream TATA box in positioning these start sites. A second set of start sites appeared to be located adjacent to the first TATA box and presumably corresponds to the 'up' species of mRNAs found to predominate late in the lytic cycle of SV40 (Buchman et al., 1984) . All Mad 1-transformed cell clones appeared to contain mRNAs with start sites specified by the second (upstream) TATA box. For one clone, CM1HB-2, there was a major start site located adjacent to the second (upstream) TATA box which could represent an 'up' mRNA from the second TATA box. Future experiments will investigate the possibility that major start sites are positioned by the second TATA box during the lytic cycle of JCV. There were also minor start sites about 25 np downstream from, and probably positioned by, the second TATA box. The presence of the second set of start sites in the Mad 1 transformants does not appear to have any bearing on other biochemical or biological parameters that have been investigated. For example, as noted above, CM 1HB-2 cells contain a major viral mRNA species initiated from the upstream TATA box. Since the first AUG start codon encountered within this 5' sequence is followed by an open reading frame of only 114 rip, one might predict that production of authentic T antigen would be impaired. However, immunoprecipitation results revealed that the sizes and amounts of the large T antigen species in CM1HB-2 cells were the same as those in other JCV-transformed cell clones (Fig. 3) . Furthermore, this cell clone exhibited one of the most strongly transformed phenotypes of any cell clone tested. These findings are important since they indicate that the presence of a second TATA signal in the early promoter of JCV may not contribute to the reduced transforming capability of this virus (compared to other polyomaviruses).
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